Abstract. Essential fatty acids (EFAs) are primarily generated by phytoplankton in aquatic ecosystems, and can limit the growth, development, and reproduction of higher consumers. Among the most critical of the EFAs are highly unsaturated fatty acids ( HUFAs), which are only produced by certain groups of phytoplankton. Changing environmental conditions can alter phytoplankton community and fatty acid composition and affect the HUFA content of higher trophic levels. Almost no research has addressed intraspecific variation in HUFAs in zooplankton, nor intraspecific relationships of HUFAs with body size and fecundity. This is despite that intraspecific variation in HUFAs can exceed interspecific variation and that intraspecific trait variation in body size and fecundity is increasingly recognized to have an important role in food web ecology (effect traits). Our study addressed the relative influences of abiotic selection and food web effects associated with climate change on intraspecific differences and interrelationships between HUFA content, body size, and fecundity of freshwater copepods. We applied structural equation modeling and regression analyses to intraspecific variation in a dominant calanoid copepod, Leptodiatomus minutus, among a series of shallow north-temperate ponds. Climate-driven diurnal temperature fluctuations favored the coexistence of diversity of phytoplankton groups with different temperature optima and nutritive quality. This resulted in unexpected positive relationships between temperature, copepod DHA content and body size. Temperature correlated positively with diatom biovolume, and mediated relationships between copepod HUFA content and body size, and between copepod body size and fecundity. The presence of brook trout further accentuated these positive effects in warm ponds, likely through nutrient cycling and stimulation of phytoplankton resources. Climate change may have previously unrecognized positive effects on freshwater copepod DHA content, body size, and fecundity in the small, shallow bodies of inland waters that are commonly found in north-temperate landscapes.
introduCtion
Nutritionally essential fatty acids (EFAs) are compounds that cannot be synthesized de novo in animals (Parrish 2009 ) and must be obtained from primary producers through diet for the critical maintenance of growth, development, and reproduction (Martin-Creuzburg and von Elert 2009). Much is known about interspecific variation in EFAs in aquatic communities (Persson and Vrede 2006 , Smyntek et al. 2008 , Burns et al. 2011 , Lau et al. 2012 , Gladyshev et al. 2014 , Galloway and Winder 2015 , but little attention has been paid to intraspecific variation in these essential compounds despite that intraspecific variation in fatty acids can exceed interspecific variation (Sekino et al. 1997 , Zarubin et al. 2014 . Moreover, no studies to date have tested how intraspecific variation in EFAs is related with other key intraspecific traits that have potential to affect food web interactions, such as body size and fecundity (Jansson et al. 2007, Hart and Bychek 2011) . Intraspecific trait variation is increasingly recognized to have an important role in community ecology and food webs (Bolnick et al. 2011) , especially for `ecosystem effect traits` that underlie an organism's direct or indirect effect on ecosystem function (Matthews et al. 2011) , such as EFAs (MartinCreuzburg and von Elert 2009), body size, and fecundity (Jansson et al. 2007, Hart and Bychek 2011) .
In pelagic aquatic food webs, EFAs can only be synthesized de novo at the base of the food web by the phytoplankton (Taipale et al. 2013) , and are subsequently trophically-transferred from primary producers to higher consumers (Müller-Navara et al. 2003 , Brett et al. 2009a , Taipale et al. 2011 . EFAs comprise Manuscript received 3 May 2015; revised 23 October 2015; accepted 5 November 2015; final version received 4 Decemberpolyunsaturated fatty acids (PUFAs) and highly unsaturated fatty acids (HUFAs), a subset of PUFAs with 20 and 22 carbon chain structures, in the ω3 and ω6 moieties. The fatty acid composition of phytoplankton can be modified by environmental conditions (light, nutrients, temperature) , but a recent analysis showed that the proportion of variation related to phylogeny is 3-4 times higher than environment (Galloway and Winder 2015) . For example, chlorophytes have intermediate nutritional quality because they are rich in 18-carbon PUFAs (18:3ω3, α-linolenic acid [ALA] and 18:2ω6, linoleic acid). Long-chain PUFAs, the HUFAs: docosahexaenoic acid (DHA, 22:6ω3) and eicosapentaenoic acid (EPA, 20:5ω3) , are the most critical of EFAs for physiological processes and are almost exclusively produced by diatoms, chrysophytes, cryptophytes, and dinophytes (Taipale et al. 2013) . Cyanophytes have poor nutritional quality for consumers because they lack HUFAs and sterols, and can limit the transfer of energy to higher trophic levels (Martin-Creuzburg et al. 2008) . Zooplankton are a crucial energy link between the primary producers such as phytoplankton and higher trophic level consumers, such as fish. The FA composition of freshwater zooplankton depends on taxonomy (e.g. cladoceran or copepod), diet and trophic position (herbivore or carnivore) as well as differences in reproductive demands and generation time associated with these taxonomic groups (Persson and Vrede 2006 , Smyntek et al. 2008 , Burns et al. 2011 , Lau et al. 2012 , Gladyshev et al. 2014 . Among primary consumers, copepods and cladocerans accumulate similar concentrations of EPA but copepods exclusively accumulate DHA above dietary levels (Persson and Vrede 2006 , Smyntek et al. 2008 , Burns et al. 2011 . The transfer of DHA through aquatic food webs is important for supporting productive and nutritious fisheries .
Climate change is anticipated to have multifaceted effects on aquatic food webs that include simultaneous changes in the abiotic environment (e.g., warmer temperatures, and higher concentrations of nutrients and terrestrial dissolved organic carbon (DOC); Adrian et al. 2009 , Zhang et al. 2010 , Larsen et al. 2011 as well as altered food web interactions (Shurin et al. 2012 , Jeppesen et al. 2014 . At warmer temperatures, phytoplankton (Fuschino et al. 2011, Galloway and Winder 2015) and zooplankton (Gladyshev et al. 2011 , Masclaux et al. 2012 ) communities often have lower HUFA content. This pattern is a result of taxonomic changes in community composition and phylogenetic differences in EFA content rather than a direct influence of temperature on EFAs in phytoplankton Winder 2015, but see Fuschino et al. 2011 ) and zooplankton (Gladyshev et al. 2011 (Gladyshev et al. , 2014 . Warmer temperatures and enhanced nutrient conditions associated with climate change are producing cyanobacterial blooms in aquatic ecosystems (Paerl and Huisman 2008) , which are a HUFA-poor group (Galloway and Winder 2015) , and this can limit the transfer of HUFAs to higher trophic levels (Martin-Creuzburg et al. 2008) . Therefore, changes in physio-chemical factors associated with climate change will potentially alter the availability of high quality phytoplankton resources to zooplankton through changes in phytoplankton community composition and structure.
Increases in terrestrial DOC in aquatic ecosystems are also anticipated to alter the availability of EFAs to aquatic food webs by altering the broad taxonomic composition of phytoplankton and zooplankton communities (Gutseit et al. 2007a , Galloway et al. 2014 . Passive filter-feeders such as the cladoceran Daphnia have shown reduced HUFA content through ingestion of PUFA-poor bacteria associated with terrestrial DOC in laboratory feeding trails (Gutseit et al. 2007b , Brett et al. 2009b , Wenzel et al. 2012 . However, in natural systems, terrestrial DOC in humic lakes can shift the phytoplankton community towards a high proportion of HUFA-rich, mixotrophic phytoplankton groups such as chrysophytes and cryptophytes as well as heterotrophic protists that play an important role in the trophic upgrading of the microbial loop (Bec et al. 2010) . Copepods are adapted to selectively feed on high quality phytoplankton and motile taxa such as mixotrophic phytoplankton and protists, and can even induce top-down trophic cascades on these groups (Zollner et al. 2009 ). Therefore, copepods may be able to maintain HUFA accumulation even under conditions when bacterial production is enhanced, and so may respond differently than cladocerans to changes in their resource base caused by climate change.
There is substantial evidence that EFAs such as EPA and DHA play a critical role for growth, development, and reproduction in zooplankton (Brett et al. 2009a,b, Martin-Creuzburg and von Elert 2009) . The relationship between body size and reproduction (fecundity) is also well recognized: larger individuals tend to produce more and/or larger offspring (Jansson et al. 2007, Hart and Bychek 2011) . Therefore, larger, HUFA-rich individuals can be expected to produce more offspring. Most of the research that has explored the link between EFAs and growth and reproduction in zooplankton has focused on cladocerans (Gutseit et al. 2007b , Brett et al. 2009a ,b, Fink et al. 2011 or marine copepods, however. (Kattner and Hagen 2009) . Only a handful of studies have addressed the link between essential fatty acids and growth and reproduction in freshwater copepods (Burns et al. 2011) . This is despite the ecological significance of copepods in freshwater food webs (Zollner et al. 2009) .
A large body of literature has addressed the potential effects of climate change on body size: almost all of these studies overwhelmingly point towards smaller body size with warming temperatures across a broad diversity of taxa, including zooplankton (Daufresne et al. 2009 , Gardner et al. 2011 , Hart and Bychek 2011 , Vadadi-Fülöp et al. 2012 . In contrast with temperature effects, higher terrestrial DOC content (Carter et al. 1983 , Yan et al. 2008 , Robidoux et al. 2015 and dimmer conditions (Estlander et al. 2010 ) of freshwaters generally harbors larger individuals of zooplankton. This may be a result of differences in not only phytoplankton abundance and quality, but also fish predation (Brooks and Dodson 1965 ) that can be modulated by temperature through altered fish species assemblages (Jeppesen et al. 2014) , and by terrestrial DOC through reduced visual predation (Wissel et al. 2003) . While some research on lake ecosystems points to a negative influence of terrestrial DOC on zooplankton production and overall food web productivity through shading and reduced algal biomass (Ask et al. 2012 , Kelly et al. 2014 , other work suggests that the combined effects of both temperature and terrestrial DOC may have an unexpected positive net effect on copepods and on aquatic food webs (Lefébure et al. 2013) . Therefore, there is a need to explore relationships between HUFAs, body size, and fecundity in freshwater copepods in a multifaceted framework that simultaneously considers temperature, terrestrial DOC, phytoplankton resources, and predation when predicting climate change effects on aquatic food webs.
The goal of our study was to quantify the relative influence of climatically-sensitive abiotic factors (temperature and terrestrial DOC), basal resources (phytoplankton biomass and bacterial production), and predation (Salvelinus fontinalis brook trout and predaceous beetles) on intraspecific variation in HUFAs, body size, and fecundity of freshwater calanoid copepods. We tested relationships between HUFAs (DHA and EPA), body size, and fecundity in the copepods in the context of these abiotic and biotic variables. We worked in a series of shallow ponds where climatic effects are pronounced because of the sensitivity of these habitats to changes in atmospheric temperature and fluxes in precipitation-driven terrestrial DOC (De Meester et al. 2005) . We predicted that (1) increased temperature would decrease copepod HUFA content through a shift in the phytoplankton community towards cyanophytes and that terrestrial DOC would increase copepod HUFA content through a shift in the phytoplankton community towards mixotrophic taxa;
(2) warmer temperatures would reduce body size and increased terrestrial DOC would increase body size; and (3) smaller, HUFA-poor individuals present in warmer ponds would be less fecund than larger, HUFArich individuals in terrestrial DOC-enriched ponds.
Methods
We used a space-for-time substitution approach to interpret climate change effects (Jeppesen et al. 2014) by applying structural equation models (SEMs) (Grace 2006) to intraspecific variation in freshwater copepod HUFAs and related effect traits, body size, and fecundity. We focused on Leptodiatomus minutus (hereafter referred to as copepods) because the species is a major component of zooplankton communities across northeastern North America (Balcer et al. 1984) , and is the prevailing species in zooplankton communities among these ponds (A.M. Derry, unpublished results). Three copepod intraspecific traits were quantified: (1) HUFA content from copepod populations in 30 ponds (% DHA and % EPA from bulk copepod population samples collected from each pond); (2) body size at maturity in 44 ponds (mean population and individual body size), and (3) female fecundity in 44 ponds.
Our study was conducted in a system of 30 to 44 natural shallow ponds in southeastern Newfoundland, Canada (Cape Race: 46°38′33.35″ N, 53°12′02.27″ W) from 6 July to 26 July 2013. We detected strong natural gradients in temperature, pH, and tannic acid, which is correlated with water color and represents the terrestrial part of DOC (Cuthbert and del Giorgio 1992) ( Table 1 ). The study location is known for the dominance by a single fish species, brook trout (Hutchings 1993) . All of the ponds had a maximum depth <1.2 m (Table 1) , and none of the ponds were thermally stratified in summer (A.M. Derry, unpublished results; measured with a calibrated multi parameter sonde [YSI 2009 Professional Pro Plus; YSI, Yellow Springs, Ohio, USA]). The ponds are wind exposed because they are located in treeless coastal barrens on wind-swept cliffs facing the North Atlantic Ocean. After detecting a thermal gradient among ponds in summer of 2013, we returned in summer of 2014 to target the warm and cool ponds with high-resolution temperature dataloggers (HOBO at mid-point of water column, pond surface area (SA, m²), maximum pond depth (Z max , m), pH, dissolved organic carbon (DOC, mg/L), tannic acid equivalent (TA, mg/L), total phosphorus (TP, μg/L), and algal biomass (chlorophyll a (Chla, μg/L). TidbiT v2 UTBI-001 TempLogger, Hoskin Scientific, Massachusetts, USA) that were placed at the mid-point of water column at the deepest point of each of these ponds. With these temperature dataloggers, we observed that warm ponds were warm during the day but underwent diurnal fluctuations in temperature from day to night and that cool ponds were consistently cool from day to night (Table 1 ; Appendix S1: Fig. S1 ).
Thirty of the 44 study ponds had sufficiently high copepod abundance to produce sufficient dry weight biomass for fatty acid analyses. Live Leptodiaptomus copepods were sorted from zooplankton communities by hand under a stereo-microscope (Olympus SZ61 Olympus Canada Inc., Richmond Hill, ON, Canada) within 12 h of collection. Females carrying eggs and embryos were included in fatty acid samples. Live bulk copepod population samples were frozen at −80°C. At the Université du Québec à Montréal, freeze-dried and weighed samples were extracted on 0.35 to 1.91 mg dry weight of copepods using a chloroform-methanol-water (4:2:1) wash cycle (2 washes to increase sample purity), and these were determined to μg lipid per mg dry weight by gravimetry (Mettler Toledo XP26DR microbalance; Mettler Toledo AG, Greidensee, Switzerland). The extracted lipids were methylated using toluene and H 2 SO 4 -methanol and then the methyl esters were recuperated in hexane using water for separation and purification. At the Université du Québec à Chicoutimi, fatty acids (C14-C24) were identified as fatty acid methyl esters (FAME) using a gas chromatograph (7890A, Agilent, Agilent Technologies Canada Inc., Mississauga ON, Canada) -mass spectrometer (5975C, Agilent) equipped with an Agilent DB23 column (60 m, 25 mm i.d., 0.15 μm film thickness; SigmaAldrich Co., St. Louis, MO, USA) that was run on Single Ion Monitoring mode (ions 74, 79, 81, and 87) for low sample detection limits. Temperature ramping on the GC-MS was the following: 70°C for 1.5 min, 20°C/ min up to 110°C, 12.5°C/min up to 160°C, 2.5°C/min up to 230°C, followed by 6.5 min at isothermal temperature. Total fatty acid concentrations were calculated with an internal standard, C19:0 (nonadecanoic acid) using calibration curves based on known standard concentrations and are reported as μg FAME/ mg C. Identification of fatty acid peaks was based on retention time and ion composition, and only those values exceeding 1 μg/mg C were used in the results. Fatty acids were converted into a percentage of fatty acid group via this equation: % FA = (Functional group)/(Total FAME) ×100 where the function group and the total FAME are in μg FAME• μg dry weight-1. DHA and EPA data by pond and in association with abiotic environmental data are shown in Appendix S1: Table S1 .
Body size (total length; μm) of 50 adult individuals (25 females and 25 males) were measured from 44 ponds where this species occurred in concentrations of at least 0.15 individuals/L. Copepod body size measurements were conducted on sugar-formalinpreserved individuals, with a 10× dissecting microscope camera (SZ2-IL-ST, Olympus SZ, Japan Camera system Olympus DP21) combined with digital photographs using Olympus camera-microscope software (Olympus DP21-HS). Copepod length measurement did not include the caudal setae, as described by McCauley (1984) . Copepod fecundity was analyzed in two different ways at the population-level: (1) number of eggs per all females, both gravid and barren, per population and (2) average number of eggs per gravid female per population. Fecundity was also analyzed at the individuallevel: number of eggs per individual gravid female across ponds. In analyses of fecundity in which we excluded barren females, we were interested in the number of eggs produced per gravid female as separate from the number of gravid females in the population.
The following abiotic variables were included in the ini tial structural equation models (Fig. 1a) : temperature (°C), pH, and tannic acid equivalent (TA; mg/L). TA was included in SEMs in lieu of DOC because it is the colored, terrestrial fraction of DOC (Cuthbert and del Giorgio 1992) . For basal resources, we included algal biomass (chlorophyll a; μg/L) and bacterial production (μCL −1 day −1 ). Phytoplankton communities were preserved in Lugol`s solution and enumerated for a subset of 20 ponds that were representative of abiotic gradients. Phytoplankton were identified to genus level following U.S. EPA (2012), with an inverted microscope (Olympus 1×71) at 400-600× magnification in a 10 mL Utermöhl sedimentation chamber. A minimum of 400 natural algal units were identified following Wehr and Sheath (2003) . Cell dimensions were measured 10 times for each algal group via a camera-mounted microscope and converted to biovolume (Hillebrand et al. 1999) . Biovolume of phytoplankton genera (mg/ m 3 ) were pooled according to major groups (Table 2) . For predators that could potentially exert top-down predation effects on zooplankton, we included predaceous dytisidae and gyrinidae beetles (beetles; individual/tow) and presence/absence of brook trout in the 44 study ponds in the SEMs (Fig. 1a) . Macroinvertebrates were collected by standardized tows with a 500 μm D-frame dip net, and the relative abundance of genera was enumerated with the use of a high-resolution dissecting microscope (SZ2-IL-ST, Olympus) following Larson et al. (2000) . We assumed that the abundance of adult beetles was correlated with the abundance of predatory larval stages on L. minutus. The presence/absence of brook trout (fish) was assessed by a combination of back-pack electrofishing, mark-recapture events, observation of surface activity in deep ponds, and local knowledge.
Statistical analyses
Structural equation modeling (SEMs) (Grace 2006) were used to quantify the effects of direct and indirect abiotic and biotic explanatory factors on the three population-level copepod effect traits. The following transformations were done on explanatory variables: temperature and beetles were square root transformed; pH, tannic acid, chlorophyll a, and bacterial production were log transformed; presence/ absence of brook trout was coded as a binary variable. The following transformations were done on response variables: mean population body size was square-root transformed; it was not necessary to transform % DHA and % EPA; mean population fecundity was log-transformed. Best fit models were evaluated with the following parameters: χ 2 statistic was used to indicate the overall goodness of fit of models, the Akaike Information Criteria (AIC) was applied when pathways but not explanatory variables were removed from models, and the coefficient of determination (R 2 ) was used to compare models when significant models differed in explanatory variables. The final significant model chosen had the lowest number of free parameters to reduce the risk of model over-fitting by using a large number of parameters. A P value >0.05 for the χ 2 statistic indicates there is no significant discrepancy between model and data. The SEM analysis was performed using the Lavaan package in R (R Core Team 2014).
Redundancy analysis (RDA) was applied to examine the relative contributions of abiotic and biotic factors to phytoplankton group biovolume among the subset of 20 using the rda{vegan} function in R (R Core Team 2014). Phytoplankton group biovolume were Hellinger-transformed (Legendre and Legendre 2012) . The Forward selection of the explanatory variables was achieved using the forward.sel{packfor} function (α = 0.05) (Dray et al. 2011 ). We excluded any variables for which collinearity among explanatory variables were detected (VIF>10). We used a permutation test under a reduced model with 999 new permutations (anova. cca{vegan} function in R. A series of non-parametric Kruskal-Wallis anovas followed by pairwise Dunn's tests were employed to test for differences in the biovolumes of major phytoplankton groups among pond temperature categories with JMP 11 (© 2013 by SAS Institute Inc., Cary, NC, USA).
We tested for relationships between copepod population % HUFA content (% DHA and % EPA), body size, and fecundity using a series of linear regressions. We also tested for a relationship between individual copepod body size and fecundity among gravid females using linear regression. In all cases, we tested if significant explanatory variables identified in the SEMs and phytoplankton RDA influenced these relationships. These variables included the following pond categories: (1) mid-day pond temperature: cool (<17°C), intermediate (17-21°C), and warm (≥21°C); diatom biovolume delineated by median: low diatom (<38 mg/m 3 ) and high diatom (≥38 mg/m 3 ); and (2) brook trout presence/ absence. Linear regressions were also run between major phytoplankton group biovolume and copepod HUFA content. Simple linear regressions were conducted in R with the function lm{vegan} in R (R Core Team 2014).
results
Copepod DHA content was higher in ponds with warmer temperatures and circumneutral pH (pH ≥ 6.0) ( Fig. 1b ; SEM best fit model: 31% of the total variation explained, χ 2 = 1.28, P = 0.733, AIC = −33.95). EPA content was also higher in ponds with circumneutral pH, but unlike DHA, temperature was not a significant predictor of copepod EPA ( Fig. 1c ; SEM best fit model: 26% of the total variation explained, χ 2 = 1.03, P = 0.795, AIC = −71.65). Copepods were larger at maturity in warmer ponds ( Fig. 1d ; SEM best fit model: 25% of total variation explained, χ 2 = 2.73, P = 0.842, AIC = 58.84), but not more fecund (Fig. 1e) . Instead population-level fecundity (average number of eggs per gravid female per population) was positively related with the presence of brook trout ( Fig. 1e ; SEM best fit model: 17% of total variation explained, χ 2 = 2.04, P = 0.728, AIC = −81.66). In all of the SEMs, tannic acid was negatively related with pH (higher tannic acid concentrations produced greater pond water acidity) and positively related with phytoplankton biomass (higher tannic acid concentrations produced higher chlorophyll a) (Fig 1b-d) . In the SEMs used to predict HUFA content, temperature was positively related with chlorophyll a (Fig 1b, c) , and tannic acid and pH were important predictors of the presence of brook trout (Fig. 1d) .
We investigated the influence of abiotic gradients on phytoplankton community composition among a subset of 20 ponds ( Fig. 2a ; RDA: 33% of total variance explained, F = 2.16, P = 0.007, RDA1: 63% and RDA2: 15%). Diatoms, Euglenophyceae, dinoflagellates, and cyanobacteria were all strongly associated with warmer temperatures. Cryptophytes were associated with acidic pH and high tannic acid conditions. Chlorophytes flourished in the presence of brook trout. However, when biovolume of major phytoplankton groups was compared among pond temperature categories, only the diatoms had a higher standing biovolume in the warm ponds compared to cool ponds ( Fig. 2b ; Kruskal-Wallis tests; χ 2 = 7.15, P = 0.0280, Dunn's post hoc test, P = 0.0435). Copepod ω-3 FA content, of which EPA, DHA, and other PUFAS are comprised, was positively correlated with diatom biovolume (Fig. 2c) .
The relationship between copepod HUFA content (%DHA and %EPA) and mean population copepod body size at maturity was dependent on the relative abundance of diatoms: higher copepod DHA and EPA content was associated with larger body size only in ponds with diatom biovolumes ≥ 38 mg/m 3 (Fig. 3a,  b) . Copepod DHA and EPA % content also positively predicted mean population female copepod fecundity (average number of eggs per all females, both barren and gravid), but these relationships were not dependent table 2. List of phytoplankton genera detected in a subset of 20 study ponds, categorized according to major taxon.
Phytoplankton groups Species
Chlorophyte Ankistrodesmus, Quadrigula, Sphaerocystis, Oocystis, Coccomyxa, Gloeotila, Chlamydomonas, Scourfieldia, Botryococcus, Pediastrum, Crucigenia, Scenedesmus, Tetrastrum, Closterium, Cosmarium, Euastrum, Gonatozygon, Haplotaenium, Spondylosium, Staurastrum, Staurodesmus, Xanthidium, Elakatothrix on diatom abundance (Fig 3c, d) . Individual copepod body size at maturity was positively related with the fecundity (number of eggs) of individual gravid females, and this relationship was temperature-dependent: larger gravid females carried more eggs only in the warm ponds (Fig. 4) . The positive relationship between individual female copepod size and fecundity in warm ponds was accentuated by the presence of brook trout (Fig. 4) .
disCussion
Our study is the first to address relative influences of abiotic selection and food web effects associated with climate change on intraspecific differences and inter-relationships between EFA content, body size, and fecundity of freshwater zooplankton. Our findings show that shallow ponds that undergo climate-driven diurnal fluctuations in temperature can indirectly produce unexpected positive responses in copepod HUFA content, body size, and fecundity through trophic interactions in the food web. Diurnal fluctuations in mid-day summer pond temperature (Table 1, Appendix S1: Fig.  S1 ) had a strong effect on phytoplankton community composition and structure (Fig. 2a, b) and subsequent HUFA availability to the food web: copepod ω-3 FA content was predicted by diatom biovolume (Fig. 2c) . HUFA-rich diatoms were important determinants of copepod body size (Fig. 3a, b : diatom-dependent relationships). Copepod HUFA content also determined female copepod fecundity, but the relationship was not dependent on diatom biovolume (Fig. 3c, d) . The relationship between copepod body size and fecundity was temperature-dependent (Fig. 4) , and was likely mediated by joint positive effects of temperature on biovolume of both EPA and DHA-rich phytoplankton taxa (Fig 2; see below) . Fish had positive effects on copepod fecundity, but only in the warm ponds (Fig. 4) , likely through excretory effects on nutrient availability and phytoplankton abundance (Vanni 2002) .
Copepod HUFAs
Our findings suggest that ponds with fine-scale diurnally fluctuating temperatures may enable the coexistence of a diversity of phytoplankton with different temperature optima and nutritional content, and that this can have consequences for the availability of DHA to aquatic food webs. We anticipated that HUFA-poor cyanobacteria would dominate over other phytoplankton groups in warmer ponds (Paerl and Huisman 2008) , and that cyanobacterial dominance of the phytoplankton community would limit the transfer of DHA and EPA to the primary consumers (Martin-Creuzburg et al. 2008) . Instead, the warm ponds were comprised of a mixture of cyanobacteria, diatoms, dinoflagellates, and euglenoids that were absent or, in the case of cyanobacteria, occurred in low abundance in the cool ponds (Fig. 2b) . In the warm ponds, the daily mid-summer temperature range experienced by aquatic organisms was 21-26°C and the average daily temperature was 23°C (Table 1 ; Appendix S1: Fig. S1 ). These temperatures were consistent with lower temperature optima for diatoms (~15-20°C) and dinoflagellates (~20-25°C) compared to cyanobacteria (~30-35°C) (Paerl and Otten 2012) . The low abundance of cyanobacteria in these shallow ponds may also be explained by humic content: cyanobacteria does not form in blooms in dystrophic habitats as it does in eutrophic lakes (Lepistö and Rosentröm 1998), although other studies have shown that both cryptophytes and cyanobacteria prefer the low light conditions of dystrophic lakes (Waters et al. 2012) . Diatoms, dinoflagellates, and euglenoids are all HUFA-rich taxa: diatoms contain both DHA and EPA but are known to be particularly EPA-enriched (Taipale et al. 2013) , dinoflagellates are enriched with ω-3 FAs (that include EPA and DHA) (Galloway and Winder 2015) , and euglenoids are DHA-rich (Taipale et al. 2013) . We found evidence that the HUFA content of copepods tracked the EFA content of their diet to some extent: there was a positive correlation between diatom biovolume and copepod ω-3 FA content (Fig. 2c) . Copepods consistently accumulate more DHA that is available in the seston (Burns et al. 2011) and are able to bioconvert α-linolenic acid (18:3ω3 ALA) to EPA/ DHA to some extent (<10%) (Brett et al. 2009a , Perhar et al. 2013 . The copepods in our study likely selectively targeted nutritious, HUFA-rich phytoplankton such as diatoms, dinoflagellates, and euglenoids for consumption in the warm ponds. Copepod predation can impose top-down regulation of mixotrophic flagellated phytoplankton (Zollner et al. 2009) , and low biovolumes of these groups in the warm ponds (Fig. 2b ) may be indirect evidence of selective copepod predation on these phytoplankton groups. Therefore, DHA content of copepods was positively indirectly influenced by temperature (Fig. 1b) through the effects of temperature on phytoplankton community composition (Fig. 2a, b) . Atmospheric-driven diurnally fluctuating temperatures may enable co-existence of a diversity of phytoplankton groups (Descamps-Julien and Gonzalez 2005, Burgmer and Hillebrand 2011) with differences in temperature optima (Paerl and Otten 2012 ) and nutritional quality (Taipale et al. 2013, Galloway and Winder 2015) , and this can have potential cascading effects for HUFA availability in aquatic food webs.
Copepod body size
Copepod body size at maturity was positively related with temperature (Fig. 1d) . Most of the literature on body size and warming across a broad diversity of taxa (Daufresne et al. 2009 , Gardner et al. 2011 , including zooplankton (Hart and Bychek 2011, Vadadi-Fülöp et al. 2012) points to smaller body sizes at warmer temperatures, however. Our unexpected finding may be explained by increased metabolism, feeding, and growth rate at warmer temperatures (Brown et al. 2004 ), but without a trade-off associated with limitation in resource quantity and/or quality that often reduces body size at maturity (Gillooly et al. 2001) . Fine-scale diurnal fluctuations in the temperature of warm ponds (Table 1 ; Appendix S1: Fig. S1 ) may have enabled a metabolic advantage for the copepods during the daytime compared to in the cool ponds. Further, the warm ponds contained a rich supply of nutritious phytoplankton compared to the cool ponds (Fig. 2b) . Moreover, larger copepods in the warm ponds was not explained by the absence of cold-water brook trout, which could have potentially exerted size-selective predation on the zooplankton (Brooks and Dodson 1965) . This was because fish were not absent from all warm ponds, and because larger copepods were not correlated with the absence of fish in intermediate and cool temperature ponds where pH gradients controlled the distribution of fish (Figs. 1d; 2a) . Therefore, the positive relationship between copepod body size and temperature (Fig. 1d) was most likely related to the combined effects of (1) a metabolic advantage during the daytime, (2) temperature acting on the phytoplankton community that favored a higher biovolume of nutritious phytoplankton in the warm ponds, and (3) selective feeding by copepods on nutritious phytoplankton groups.
Copepod fecundity
Brook trout had an important positive influence on copepod fecundity (Fig. 1e) . The presence of brook trout in ponds (1) increased the average number of eggs per gravid female per population (Fig. 1e) and (2) accentuated the positive relationship between individual female body size and the number of eggs per individual gravid female in the warm ponds (Fig. 4) . Rather than exerting size-selective predation on eggcarrying females (Svensson 1995) , brook trout likely contributed nutrients through excretion that could have stimulated the phytoplankton resource base (Vanni 2002) . Brook trout presence was associated with chlorophyte biovolume (Fig. 2a) , which are a group of phytoplankton that are rich in PUFAs, but low in HUFAs (Taipale et al. 2013 ).
Climate-mediated associations between effect traits
There were general positive associations between copepod DHA and EPA content and associated traits of body size (Fig. 3a, b) and fecundity (Fig. 3c, d ). These relationships confirm the known importance of HUFAs for growth and reproduction in zooplankton (Gutseit et al. 2007b , Brett et al. 2009a ,b, MartinCreuzburg and von Elert 2009 , Fink et al. 2011 ). Temperature played a role, however, in mediating the strength of some of these relationships: the relationship between copepod DHA and EPA content and body size was dependent on diatom biovolume (Fig. 3a, b) , a group of HUFA-rich phytoplankton (Taipale et al. 2013 ) that had enhanced biovolume only in the warm ponds (Fig. 2a, b) . Moreover, the positive relationship between copepod body size and fecundity was dependent on temperature and only present in the warm ponds (Fig. 4) . The positive temperature-mediated relationship between copepod body size and fecundity (Fig. 4) was likely driven by a joint positive effect of warmer temperature on EPA-rich diatoms, ω-3 FA-rich dinoflagellates, and DHA-rich euglenoids ( Fig. 2a, b ; Taipale et al. 2013, Galloway and Winder 2015) . Further, these effects in the warm ponds were accentuated by the presence of brook trout (Fig. 4) , which likely contributed important limiting nutrients (Vanni 2002 ) that promoted PUFA-rich chlorophyte growth ( Fig. 2a ; Taipale et al. 2013 ). This is a novel finding: while it is known that body size-fecundity relationships are enhanced in copepod populations with large body sizes (Maly 1983) , the temperature-dependency of this relationship has not been previously tested, nor the link with food web HUFA availability.
ConClusion
Climate change may have previously unrecognized positive effects on freshwater copepod DHA content, body size, and fecundity in small, shallow bodies of inland waters, which occur in multitudes across northtemperate landscapes. Further research is needed to investigate if synergies between these effect traits can have extended consequences for population demography, community interactions, and food webs in shallow ponds.
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